We present the Survey for High-z Absorption Red and Dead Sources (SHARDS), an ESO/GTC Large Program carried out with the OSIRIS instrument on the 10.4m Gran Telescopio Canarias (GTC). SHARDS is an ultra-deep optical spectro-photometric survey of the GOODS-N field covering 130 arcmin 2 at wavelengths between 500 and 950 nm with 24 contiguous medium-band filters (providing a spectral resolution R∼50). The data reach an AB magnitude of 26.5 (at least at a 3σ level) with sub-arcsec seeing in all bands. SHARDS main goal is obtaining accurate physical properties of intermediate and high-z galaxies using well-sampled optical SEDs with sufficient spectral resolution to measure absorption and emission features, whose analysis will provide reliable stellar population and AGN parameters. Among the different populations of high-z galaxies, SHARDS principal targets are massive quiescent galaxies at z>1, whose existence is one of the major challenges of current hierarchical models of galaxy formation. In this paper, we outline the observational strategy and include a detailed discussion of the special reduction and calibration procedures which should be applied to the GTC/OSIRIS data. An assessment of the SHARDS data quality is also performed. We present science demonstration results about the detection and study of emission-line galaxies (star-forming objects and AGN) at z=0-5. We also analyze the SEDs for a sample of 27 quiescent massive galaxies with spectroscopic redshifts in the range 1.0<z 1.4. We discuss on the improvements introduced by the SHARDS dataset in the analysis of their star formation history and stellar properties. We discuss the systematics arising from the use of different stellar population libraries, typical in this kind of studies. Averaging the results from the different libraries, we find that the UV-to-MIR SEDs of the massive quiescent galaxies at z=1.0-1.4 are well described by an exponentially decaying star formation history with scale τ =100-200 Myr, age around 1.5-2.0 Gyr, solar or slightly sub-solar metallicity, and moderate extinction, A(V)∼0.5 mag. We also find that galaxies with masses above M * are typically older than lighter galaxies, as expected in a downsizing scenario of galaxy formation. This trend is, however, model dependent, i.e., it is significantly more evident in the results obtained with some stellar population synthesis libraries and almost absent in others.
INTRODUCTION
The current paradigm of galaxy formation establishes that the baryons closely follow the evolution of the Cold Dark Matter (CDM) halos, which cluster and grow hierarchically as shown in cosmological simulations and semi-analytical models (such as those in Springel et al. 2005 ; see also Baugh et al. 1998; Somerville & Primack 1999; Cole et al. 2000; Somerville et al. 2008; Ricciardelli & Franceschini 2010) . In this scenario, star formation started within the cooling gas clouds in merging dark matter halos after a relatively slow early collapse regulated by feedback processes. This early star formation produced relatively small disk systems that later merged and generated larger (i.e., more massive) spheroidal systems (see, e.g., Kauffmann et al. 1993; Ellis et al. 2000 Ellis et al. , 2001 The global picture about the co-evolution of matter in the Universe (including all graviting components: CDM and baryons) is self-consistent and has been successful in reproducing and even predicting many observables about galaxy evolution, especially at low redshift. Among the most relevant successes, we find the good comparison of models with the observed power spectrum of the Cosmic Microwave Background (Spergel et al. 2007 ; Komatsu et al. 2011) or the Large Scale Structure of the Universe (Percival et al. 2001; Colless et al. 2001) . Also very convincing is the link between observations and theoretical expectations such as the existence and properties of the acoustic baryonic oscillations (Eisenstein et al. 2005; Gaztañaga et al. 2009; Percival et al. 2010 ). In addition, the hierarchical scenario for galaxy formation is also supported by the observations of galaxy mergers at different cosmological distances (e.g., van Dokkum et al. 1999; van Dokkum 2005; Miley et al. 2006) , and the increase of the fraction of galaxies undergoing mergers as we move to higher redshifts (among others, Lacey & Cole 1993; Le Fèvre et al. 2000; Conselice et al. 2003; Bell et al. 2006; Lotz et al. 2008; López-Sanjuan et al. 2009 ).
However, the hierarchical picture contrasts with several observational evidences, especially at high redshift (z>1-2), where a more classical monolithic collapse is favored. This formation path was proposed 50 years ago to explain the origin of bulges such as the Milky Way's and spheroidal galaxies. This would be done through a free-fall rapid collapse causing the formation of the bulk of the stars in these systems in a short period of time. Later, the star formation is shut off by some quenching phenomena, and the galaxy henceforth evolves passively (Eggen et al. 1962; Larson 1974) . This theory was largely abandoned due, first, to the compilation of evidence supporting that spheroidal galaxies suffer merging episodes (Toomre & Toomre 1972) . Furthermore, globular clusters and the general stellar population in the MW present a relatively wide range of ages (e.g., Searle & Zinn 1978) , directly pointing out to the hierarchical scenario. Eventually, the hierarchical picture was adopted instead of the monolithic collapse due to the high degree of success of the ΛCDM models and semianalytic models mentioned above.
Nevertheless, rapid early episodes of intense star formation are indeed consistent (although not uniquely) with observational facts in nearby galaxies, such as the dominant old stellar populations in bulges and ellipticals, their metallicity and α-elements enhancement, and the dynamics and shape of these systems (e.g., Vazdekis et al. 1997; Faber et al. 1997; Trager et al. 2000b,a) . In addition, hierarchical models still present severe drawbacks in several aspects. The most challenging observational facts for hierarchical models refer to the lightest and heaviest galaxies. Indeed, hierarchical models typically present a "missing satellite problem", i.e., they predict many more low-mass galaxies than what is actually observed (see Kauffmann et al. 1993 Kauffmann et al. , 1999 Klypin et al. 1999; Kravtsov et al. 2004; Li & White 2009; Quilis & Trujillo 2012) . On the bright end, models tend also to overpredict the number of massive galaxies observed in the local Universe, although they are getting closer to the observations after taking into account quenching mechanisms (Croton et al. 2006; De Lucia & Blaizot 2007; Somerville et al. 2008; Ricciardelli & Franceschini 2010; Guo et al. 2010) .
The discrepancies between the predictions of current galaxy formation models based on the ΛCDM paradigm and the data are more obvious as we move to higher redshifts. In the last 15 years, a wide variety of papers using very heterogeneous data and methods have presented compelling evidence that the formation of galaxies follows a so-called downsizing scenario (Cowie et al. 1996; Heavens et al. 2004; Glazebrook et al. 2004; Bauer et al. 2005; Pérez-González et al. 2005; Arnouts et al. 2007; Pérez-González et al. 2008) . In this theory, the most massive galaxies formed first in the history of the Universe, thus having the oldest stellar populations seen today. The formation of less massive systems continued at lower redshifts. Downsizing implies that the bulk of the star formation in the most massive galaxies happened quick and stopped for some reason in early times. This also means that there should be massive passively evolving galaxies at high redshift. This kind of objects have indeed been detected at redshifts around z∼1-3 with a variety of techniques (Yan et al. 2000a; Franx et al. 2003; Daddi et al. 2004; Papovich et al. 2006; Cimatti et al. 2008) .
The finding of massive galaxies at z=1-3, some of them already evolving passively, is indeed extremely challenging for current models of galaxy formation based on the ΛCDM paradigm. Indeed, models predict many less massive systems at high-z than observed (see, e.g., Conselice et al. 2007; Marchesini et al. 2009; Henriques et al. 2012; Leauthaud et al. 2012 ). In contrast, the downsizing scenario contradicts, at least at first sight, the predictions of a hierarchical assembly of the stellar mass in galaxies, i.e., the most massive galaxies do not seem to be the result of multiple mergers occurring in a extended period along the Hubble time (Baugh et al. 1998; Cole et al. 2000; Faber et al. 2007 ). Still, a hierarchical assembly with (maybe multiple) mergers occurring at high redshift between gas-rich systems (a process close in nature to a monolithic collapse) would be consistent with both the evidences for downsizing and the properties of the dominant stellar populations seen in nearby spheroidal systems (e.g. Dekel et al. 2009) .
From the observational point of view, our understanding of the processes involved in the early (z>1) assembly of galaxies (and also the evolution from the early Universe to the present) is still hampered by the sig-nificant (often systematic) uncertainties in our estimations of their physical properties. Our global picture of galaxy formation will only improve if we are able to get more robust estimations of some key properties of galaxies, such as the stellar masses, SFRs, and extinctions. Jointly with those, we of course need better estimations of the distances to galaxies based on spectroscopic or photometric redshifts, which can be used to relate the mentioned galaxy properties with other relevant parameters such as the environment. The improvements in the determination of stellar masses and SFRs/extinctions will also mean a better estimation of the age of the stellar population and the Star Formation Histories, SFH (see, e.g, Papovich et al. 2001; Fontana et al. 2006; Kriek et al. 2008; Elsner et al. 2008; Pforr et al. 2012; Pacifici et al. 2012) . Jointly with this observational effort, models should also be improved, including better physics. For example, models are still to provide more certain emissivities of the stellar populations in the rest-frame NIR, now affected by strong uncertainties due to limitations of about knowledge about the properties and importance of stellar evolutionary phases such as the thermally-pulsating TP-AGB phase (see Maraston 2005; Kriek et al. 2010) . The task of obtaining more robust physical parameters of galaxies at cosmological distances is even more interesting for those massive galaxies which have already reached a quiescent state and are evolving passively at high-z, whose number densities and properties are the most demanding challenges for current galaxy evolution models. The cosmological importance of these systems is very high, since they most probably represent the early formation phases of present-day early-type galaxies.
In this paper, we present the basics of the Survey for High-z Absorption Red and Dead Sources (SHARDS), an ESO/GTC Large Program awarded 180 hours of GTC/OSIRIS time during 2010-2013. This project consists of an ultra-deep (m<26.5 AB mag) imaging survey in 24 medium-band filters covering the wavelength range between 500 and 950 nm and targeting the GOODS-N field. The observations carried out by SHARDS allow to accurately determine the main properties of the stellar populations present in these galaxies through spectro-photometric data with a resolution R∼50, sufficient to measure absorption indices such as the D(4000) (e.g., Bruzual 1983; Balogh et al. 1999; Kauffmann et al. 2003a; Kriek et al. 2011) or Mg UV index (Spinrad et al. 1997; McCarthy et al. 2004; Saracco et al. 2005; Daddi et al. 2005b; Cimatti et al. 2008) . The analysis of these spectral features is a powerful method to constrain the solutions of stellar population synthesis models and to improve our estimations of parameters such as the age, SFH, mass, and extinction of galaxies at cosmological distances.
SHARDS inherits the observational strategy of past and on-going optical surveys such as COMBO17 (Wolf et al. 2001 (Wolf et al. , 2003 , the COSMOS mediumband survey (Ilbert et al. 2009 ), ALHAMBRA (Moles et al. 2008) , and PAU/J-PAS (Benítez et al. 2009a; Abramo et al. 2011) .
These projects have demonstrated the impact of large photometric datasets on our understanding of the formation of galaxies (see, among many papers, Bell et al. 2004; Faber et al. 2007; Wolf et al. 2004; Rix et al. 2004; Borch et al. 2006; Caputi et al. 2006; Scoville et al. 2007; Benítez et al. 2009b; Cardamone et al. 2010; Whitaker et al. 2011) . SHARDS intends to be a step forward from these surveys in terms of depth, spectral resolution, and data quality. Our survey prioritizes the detailed study of the faintest galaxies at the highest redshifts over the analysis of closer galaxy populations and the Large Scale Structure at intermediate redshift, and thus focuses on a smaller area than the surveys mentioned above. Indeed, SHARDS was planned to reach up to 3 mag fainter than those surveys, uses typically twice the number of filters in the same wavelength range (i.e., our spectral resolution is better), and was obtained in excellent (sub-arcsec) seeing conditions with a 10m class telescope. In contrast, it covers a fraction of the area surveyed by other projects.
In this paper, we present the main technical characteristics of the survey in Section 2, including a thorough discussion of the reduction and calibration procedures in Section 3. Next, we present our science verification results about emission-line and absorption systems. In Sections 4.1 and 4.2, we discuss about the ability of the SHARDS data to select and study emission-line sources (star-forming galaxies and AGN) at intermediate (z<1) and high redshifts (up to z∼5 and beyond). In Section 5, we present detailed spectral energy distributions of massive quiescent galaxies at z>1, and demonstrate the power of our spectro-photometric data to analyze the stellar populations in this kind of object through a detailed comparison with stellar population synthesis models.
Throughout this paper we use AB magnitudes. We adopt the cosmology H 0 = 70 km s −1 Mpc −1 , Ω m = 0.3, and Ω λ = 0.7.
SURVEY DESCRIPTION
The Survey for High-z Absorption Red and Dead Sources is a medium-band optical survey currently being carried out with the Spanish 10.4m telescope, Gran Telescopio Canarias (GTC), and its OSIRIS instrument. SHARDS was approved in 2010 as an ESO/GTC Large Program and awarded with 180 hours of observing time to obtain data through 24 contiguous medium-band filters covering the wavelength range between 500 and 950 nm. The survey targets the GOODS-N field, covering most of the area observed with the HST/ACS instrument. SHARDS was conceived to study in detail the properties of the stellar populations in 0<z<4 galaxies (and beyond), focusing in the major goal of analyzing quiescent massive galaxies at z=1.0-2.5. To achieve this goal, the survey was planned to obtain photometric data in as many filters as necessary to cover the entire optical window with enough spectral resolution to be able to measure reliably absorption indices which could be used to perform a detailed and robust stellar population synthesis. Indices such as D(4000) or Mg UV use spectral windows 10-20 nm widths. To obtain this spectral resolution (or better) at z>1, we imposed filter widths of approximately 15-20 nm. A compromise between spectral resolution, depth, and manufacturing limitations was adopted and the survey was planned to use 17 nm wide filters. The bright night sky at wavelengths beyond ∼800 nm imposes that filters as narrow as 17 nm would not reach the needed magnitude limit to The figure shows a scheme of the transmission curves for the 24 SHARDS mediumband filters (black and red lines at the bottom, with names giving nominal central wavelengths and widths, as written on the legend). This filter set was designed to probe the optical wavelength range contiguously between 500 and 950 nm with filters of width FWHM∼17 nm (spectral resolution R∼50). The observing strategy of SHARDS was devised to identify quiescent galaxies at z>1. We show how the stacked spectrum of the 13 spectroscopically confirmed quiescent massive galaxies at 1.4<z<2.0 in GOODS-S (Cimatti et al. 2008 , the stack adds up 480 hours of VLT time) would look like at 4 different redshifts. The sky spectrum is also depicted in green. Using 24 filters, SHARDS probes the prominent absorption feature placed at λ=265-295 nm, distinctive of passively evolving galaxies (marked in red) with a resolution R∼50, and it is able to measure its strength with a spectro-photometric technique to accurately determine stellar age and distances for individual high-z galaxies. The 900 nm atmospheric window is not covered by our survey, since it will be covered by another approved GTC Guaranteed Time project (OTELO, Cepa et al. 2011; Lara-López et al. 2011) . study high-z sources, so our 2 reddest filters are twice as wide. SHARDS was conceived to reach the typical magnitudes of sub-L * galaxies at z>1 for every single filter, so the goal was to obtain a depth of 26.5-27.0 mag at the 3σ level with sub-arcsec seeing. The final manufacturing process resulted in an average width for our filter set around 15-16 nm, except for the 2 reddest filters, which have a width of 33-35 nm. Figure 1 shows the layout of the filter set and the observational strategy of SHARDS. The characteristics of the filters are given in Table 1 , jointly with other details of the SHARDS data.
SHARDS is being carried out in the GOODS-N field, one of the most targeted areas of the sky at all wavelengths. Virtually all the deep region covered by ACS is being surveyed by SHARDS using two OSIRIS pointings, summing up a total surveyed area of ∼130 arcmin 2 (see Figure 2) .
The central J2000 coordinates of the two pointings are α=12:37:18.9 δ=+62:17:03 and α=12:36:33.3 δ=+62:11:39. A position angle of 45
• was used for our imaging data in order to cover the GOODS-N region more efficiently.
The multi-wavelength dataset available in GOODS-N is extensive, ranging from an ultra-deep X-ray exposure to the deepest data in the MIR/FIR with surveys such as FIDEL (Frayer et al. 2006) , PEP (Lutz et al. 2011) , HerMES (Oliver et al. 2010) , or Herschel-GOODS (Elbaz et al. 2011) , as well as multiple spectroscopic redshifts (Wirth et al. 2004; Cowie et al. 2004 ; Reddy et al. 2006), a few of them at z>1.5 (Reddy et al. 2005; Barger et al. 2008) .
Very complementary to the SHARDS data, GOODS-N has been observed by HST with ACS and WFC3 (see Figure 2 ) providing slitless, intermediate resolution spectroscopy in the optical (through the G800L grism; PEARS, Kümmel et al. 2009 ; see also Pirzkal et al. 2004 Pirzkal et al. , 2009 ) and NIR (G141; PI: B. Weiner). GOODS-N is also one of the two fields counting with the deepest exposures taken by the GOODS (Giavalisco et al. 2004 ) and CANDELS (Grogin et al. 2011; Koekemoer et al. 2011) projects. In addition, the availability of the sky deepest IRAC ([3.6]<26.0 mag) and MIPS [F 5σ (24) >30 µJy] observations ensures the detection of the rest-frame NIR/MIR emission of the galaxies and allow us to robustly estimate stellar masses and SFRs (Pérez-González et al. 2005 Cimatti et al. 2008) . This wealth of data converts GOODS-N in one of the two best fields (the other being GOODS-S) for the study of the first galaxies and their evolution, and the best in the northern sky hemisphere.
At the time of publication of this paper, 75% of the SHARDS data have already been taken. Table 1 presents the data characteristics for the observed filters in the two SHARDS pointings.
DATA REDUCTION AND CALIBRATION

Reduction pipeline
The GTC/OSIRIS instrument (Cepa 2010 ) is an optical imager equipped with 2 CCDs, which cover a total (usable) field-of-view of 7.4 ′ ×8.4 ′ . There is a gap between the 2 detectors, with size 10-12 ′′ as measured directly in our images in different locations along the gap and after masking non-useful pixels and correcting for distortions. OSIRIS presents special characteristics which should be taken into account in the data reduc- Note.
- (1) tion procedure. Consequently, apart from the standard reduction steps (bias subtraction and flat-fielding), our custom OSIRIS pipeline includes the following additional steps: illumination correction, background gradient subtraction, fringing removal, WCS alignment taking into account field distortions, and 2-dimensional calibration of the photometric pass-band and zeropoint. In what follows, we elaborate on these steps and describe in detail the non-standard parts of the reduction.
Bias frames were taken each night. These calibration data were found to be very stable and uniform, with typical variations of less than 3% from pixel to pixel and from night to night. Dark current was found to be negligible in all our data.
Sky flats for each filter in the SHARDS dataset were taken at sunset and dawn every night. These flats presented strong gradients across the field (typically, 10-50% differences in brightness from one edge of the FOV to another), with significant spatial and temporal brightness variations. These gradients were also seen in science data during both dark and (especially) gray night time.
After analyzing night and day-time data, we concluded that these spatial variations were mainly due to the special characteristics of the OSIRIS instrument, which operates off-axis for our observational setup (mediumand broad-band imaging). Indeed, light rays reach the OSIRIS detector (when not using the tunable filters) in a wide range of angles of incidence (AOI): -2
• AOI 22
• . Given the typical dependence with the light ray's AOI of the central wavelength (CWL) of the passband for interference filters, and the medium-width of our filter set, our flat-field frames were subject to the spectral features of the sky spectrum, and their temporal variations.
The optical axis is outside the OSIRIS FOV when using a single broad-or medium-band filter. For this reason, a gradient is observed in our data (flat-field and science images) with a symmetry around an horizontal line approximately dissecting in equal parts the FOV in the vertical direction. The gradient follows a radial profile centered in the optical axis. It presents varying structures of different brightnesses whose position and strength depend on time and on the filter. The brightest structures are located where strong sky emission lines (or bands) go through the pass-band for each physical filter as its CWL is changing along the FOV.
This effect directly related to the special characteristics of OSIRIS and our instrumental setup means that it is very difficult to find a spatially constant light source to take flat-fields, i.e., a significant part of the structure of the flat-field frames is linked to the sky spectrum. Thus, our pipeline included an illumination correction to get rid of this effect as much as possible. This illumination correction was carried out by comparing the flat-field images taken for our medium-band filters with those acquired through broad-band pass-bands (typically, r-and i-band filters). For these broad-band filters, the sky spectrum is averaged in a spectral range which is wide enough to prevent strong spatial variations, and are also very constant in time. Indeed, the super-skyflat provided by the observatory and built with thousands of frames shows variations of less than 5% along the FOV and from night to night.
We used the ratio of our medium-band flat-fields to the broad-band flat-fields to correct the SHARDS data for the illumination effect. These ratios were smoothed using a 3 th -order spline. After applying the flat-field and illumination corrections to the science data, these images presented a highly symmetric sky gradient, which was subtracted with a median filtering and spline interpolation, after masking objects. In order to avoid the effect of the wings of the objects in this sky determination, we increased the extension of the sources (typically by a factor of 2 in Kron radius, Kron 1980 ) taking into account their brightnesses, and we also masked out faint objects detected in a preliminary mosaic constructed for each filter adding all the available observations.
The data for the filters whose CWLs are redder than ∼700 nm presented some fringing (typically with an intensity below 1% of the background). We removed this additive effect using the rmfringe task in IRAF 19 . Before stacking all the data together, we calibrated the World Coordinate System (WCS) for each image using the positions of several hundred objects for each CCD, which were cross-correlated with a sample of galaxies detected in the Subaru R-band image of GOODS-N. For this task, we used the SCamp program (Bertin 2006) , and the WCS utilities in IRAF, obtaining for each frame an undistorted image remapped to a TAN-SIP coordinate system. The distortion in individual frames reaches several arcseconds in the edges, and the final WCS calibrated images present a typical position uncertainty around 0.1 ′′ throughout the FOV. Finally, the SHARDS pipeline stacks together all the data for a given filter with a sigma-clipping algorithm to get rid of cosmic rays and artifacts, producing final mosaics and exposure maps with the same WCS for all SHARDS filters and for each of our 2 pointings covering the GOODS-N field.
Calibration procedures
Given the special characteristics of the OSIRIS instrument at GTC, within each single frame taken with a given physical filter, each pixel sees a different passband. This has a strong effect on the images taken with medium-band filters, where the shift of the central wavelength of the actual pass-band seen by different parts of the detector produces sky gradients and significant difficulties in obtaining flat-field calibration images, as explained in the previous section. To overcome this issue, we performed a detailed calibration of the effective pass-band and photometric zero-point as a function of the position in the FOV. Although part of the spatial variation of the photometric zeropoint can be removed by applying an illumination correction built with broadband flat-field images, a small effect can remain in the images. To account for this, during our calibration procedure we considered that the zeropoint could vary along the image. The calibration method was devised, consequently, to determine the spatial variation of the zeropoint. Note that after the calibration routine, we can construct a photometric catalog for each physical filter, but within this catalog, the flux measurements for each detected source refer to a different pass-band. This is quite different from a standard photometric catalog for a given physical filter, where all sources share the same pass-band.
We describe the procedures to carry out the calibration of the SHARDS data in the following subsections, starting from the CWL calibration and following with the absolute flux calibration. This variation is symmetric and only depends on the distance to the optical axis. The data are fitted with the function in Equation 1 (green line), leaving the position of the optical axis as a fitting parameter. The best fit between CWL and distance to the optical axis in arcmin is given in the plot, jointly with its rms. The width of the pass-bands is relatively independent (differences within 0.2 nm) of the position in the FOV.
The central wavelength of the pass-band seen by different parts of the OSIRIS detector for a given physical filter varies along the FOV. This dependence was calibrated with day-time imaging and spectroscopic data taken in laboratory and at GTC. In the lab, we calibrated the transmission curve for each filter as a function of the angle-of-incidence of the incoming beam. At the telescope, once the given filter was mounted in OSIRIS, we took spectroscopic data through a special mask with 105 pinholes homogeneously covering the entire FOV. The positions of those pinholes were determined with images taken through the mask and using one of our filters. Then, we also took spectra of these pinholes with the R1000B and R1000R grisms (which cover the entire wavelength range probed by SHARDS) through our filters, calibrating them with Ne, HgAr, and Xe arcs. Typical uncertainties in the wavelength solution were smaller than 0.01 nm. These data were used to measure the transmission curve at each pinhole position. We characterized each curve using two parameters: the CWL and the width of the pass-band. The shape and width of the pass-bands are relatively independent of the position in the FOV (i.e., all pinholes show similar values within 0.2 nm). However, the CWL presents a significant symmetric variation around the optical axis, located to the left of the FOV. The CWLs for all the pinholes were fitted with a function depending on the square of the distance to the optical axis (r 2 ), leaving also the position of the optical axis as a parameter to fit (see Méndez-Abreu et al. 2011 and Mayya et al. 2012 for similar calibration procedure, but for the OSIRIS red tunable filter). An example of the calibration for one of the SHARDS filters is shown in Figure 3 . The data were fitted with the following function: (1) where X and Y are the positions (in pixels) in the OSIRIS FOV, and X 0 and Y 0 are the position of the optical axis, combined all of them to give a distance to the optical axis in pixels. X 0 , Y 0 , A, and B were measured for each one of the SHARDS filters by fitting the data described above and shown in Figure 3 for filter F687W17. When applied to the actual science data, the optical axis position was converted to RA and DEC, and the distances were measured in arcmin using the nominal pixel size of our data, 0.251 arcsec/pixel. The fitting coefficients in Equation 1 for each one of the SHARDS filters (with available data so far) are given in Table 1 . We want to remark that the four parameters in Equation 1 are highly correlated. Consequently, the differences seen from filter to filter may not be closely related to real differences in the position of the optical axis or CWL variation coefficients. In any case, we are only interested in recovering CWL values for any position within the FOV, and even assuming large (correlated) uncertainties for the four parameters, the results given in Table 1 do provide very accurate CWLs. In addition, we tested the repeatability of these measurements and no significant changes in this calibration were detected for observations taken in different nights.
Photometric calibration
The significant variation of the passband seen by each point of the detector as a function of the position in the FOV implies a complex behavior of the absolute photometric calibration of the SHARDS images. Moreover, the effects of this CWL variation on the construction of the flat-field (explained in Section 3.1) may also affect the flux calibration of the final mosaics (see Mayya et al. 2012 for a description of the same problem, but for the OSIRIS tunable filters). To cope with these issues, we developed a special flux calibration procedure, aimed at determining the zeropoint of the SHARDS mosaics in each filter as a function of position in the image. Note that the behavior of the passband is symmetric around the optical axis and each position in the FOV is characterized by a central wavelength (as explained in Section 3.3 and defined by Equation 1). Keeping this in mind, we work with zeropoint variations as a function of CWL, instead of directly relating the calibration to a position in the images.
The flux calibration of the SHARDS mosaics was performed by comparing the measured photometry in our images with spectroscopic data for several sources in the field (most of them being galaxies). Given the need for spectroscopic calibration data for sources covering the whole FOV, direct observations taken with GTC/OSIRIS were unaffordably expensive in terms of observing time, and even impossible since OSIRIS currently has limited spectroscopic capabilities (only long-slit). We therefore used spectroscopic data taken with other telescopes. In any case, a spectro-photometric standard star was observed with OSIRIS with a grism and each one of our filters, and we checked that our main calibration procedure (described below) is consistent with these (very limited) observations.
For our main calibration procedure, synthetic fluxes were obtained by convolving the spectra for sources distributed all along the FOV with the appropriate transmission curve seen by that source, according to our calibration of the passband (in terms of the position in the FOV, see Section 3.3). The spectra used in this calibration method were taken from 2 different sources: (1) the HST ACS grism data from the PEARS project 20 ; and (2) the spectroscopic data released by the Team Keck Treasury Redshift Survey (TKRS Wirth et al. 2004 ) and DEEP3 (Cooper et al. 2011 ) taken with the Keck/DEIMOS instrument. We note that the TKRS and DEEP3 spectra are not flux calibrated, they are not completely flat-fielded in the spectral direction (see below), and are subject to the effect of strong sky emission lines and telluric absorption bands in certain spectral regions. For these reasons, our primary calibrator was the PEARS dataset of HST/ACS spectra. The Keck spectra were used as a consistency check for the primary calibration. In addition, we also performed another test of the calibration based on synthetic magnitudes obtained from stellar population models fitting the broad-band photometry for the galaxies with a published spectroscopic redshift and compiled in the Rainbow Cosmological Surveys database (see Pérez-González et al. 2008; Barro et al. 2011a,b) . A finer calibration will be carried out in the future based on high SNR (SNR>10) spectra for bright objects which are currently being obtained at TNG and the CAHA 3.5m telescope. The several methods to calibrate the data are explained in the following sub-sections.
Primary calibrator: HST/ACS grism spectroscopic data
The photometric calibration procedure starts with a crude determination of the zeropoint based on the com- -Examples of the HST/ACS spectra (from the PEARS data described in Ferreras et al. 2009 and the PEARS database) used in the calibration of the SHARDS data. The ACS spectra are shown in black with the gray shaded area depicting the uncertainties. The spectra are scaled to the ACS viz photometry, shown in green, including also uncertainties and filter widths. The convolutions of the spectra with the viz filter transmission curves are shown with squares. The pass-band for the F687W17 filter seen by each galaxy is shown in blue, and the convolution with the HST spectra is marked with a red star, jointly with the convolutions for the other SHARDS filters observed so far (no transmission curves are depicted for the sake of clarity). We show the SHARDS and i-band ACS images of the galaxy (5 ′′ ×5 ′′ ) and the color between them as a function of aperture radius. In each plot, the best elliptical aperture determined by sextractor (Bertin & Arnouts 1996) for the ACS data is shown in green, the best aperture for the SHARDS image is plotted in red, and the circular aperture used to calibrate the SHARDS data is shown in black. The panel in the last row shows a galaxy whose photometry (and probably the spectra) are affected by contamination from nearby sources. This kind of source was excluded from our calibration procedure. They are marked with gray symbols in Figure 5 . -Calibration of the SHARDS data for filter F636W17 based on the HST/ACS spectra. The difference between the AB magnitude obtained from the spectra and the magnitude measured in the SHARDS images is plotted as a function of CWL of the pass-band seen by the galaxy (i.e., vs. position in the field-ofview, as described in Section 3.3 and defined by Equation 1). The points show the calibration obtained from individual galaxies for the best photometric aperture, i.e., that enclosing the entire object and minimizing the uncertainties, the effects of seeing, and the contamination from close neighbors. Error bars are estimated from the grism flux uncertainties and the rms of the comparison of ACS spectra and broad-band photometry in the bviz filters (0.4 mag). Objects whose photometry is affected by nearby sources or have low-SNR spectra are plotted with gray symbols. Color solid lines show the median behavior for the offset calculated with different photometric aperture radii. The final calibration is shown with a green dashed line, resulting from a polynomial fit to the best aperture data.
parison of photometry in the SHARDS images with Ror I-band fluxes. This comparison provides a first estimation of the conversion from counts to AB magnitudes (one value for a given image). Then, we use the HST/ACS spectra to improve this calibration and check the dependence on the position along the FOV. We start by scaling the ACS spectra to the broad-band photometry in the viz bands from ACS. The rms of the comparison of broad-band photometry and the synthetic fluxes obtained with the grism spectra is 0.38 mag, i.e., this is the typical accuracy of the spectroscopic data for each galaxy. The flux measurement in the ACS bands is carried out within a large enough aperture so it can be compared with photometry in the SHARDS images with negligible seeing effects and also avoiding (as much as possible) the contamination from nearby sources. Typically, apertures with radii larger than 1 ′′ were used. The procedure basics are outlined in Figure 4 : the spectra are scaled to the broad-band photometry, we measure the flux in the SHARDS pass-band corresponding to the position of the galaxy in the FOV by convolving the spectra with the appropriate transmission curve, and we compare with the flux in counts measured in the SHARDS image, obtaining a conversion from counts to flux densities or AB magnitudes as a function of position in the FOV. Figure 5 shows the results of the calibration based on HST/ACS spectra. We plot the offset between the calibration obtained from the analysis of the HST spectra and the preliminary calibration obtained with the comparison with R-band fluxes as a function of the CWL of the passband seen by each galaxy. In this example, we show the results for the observations of one of the SHARDS pointings through the F636W17 filter, where we have more than 1,500 ACS spectra to compare with. For the second pointing, PEARS only covered a part of it, and the number of available ACS spectra is ∼900. The derived differential calibration as a function of wavelength (i.e., position) was applied to the images, so the final mosaics have a constant zero-point throughout the whole image. The typical scatter around the average calibration was below 0.1 mag. Note that many spectra provided very large zeropoint offsets. We visually inspected all spectra with offsets above 0.5 mag and virtually all of them presented nearby bright objects which were most probably contaminating the spectra (e.g., the last source in Figure 4 ). This effect was confirmed by comparing the scale factor of the spectra to the broad-band photometry. In spectra affected by contamination by nearby objects, the three bands used in the scaling provided very different factors, with the scatter being considerably larger than the typical value (∼0.4 mag). Note also that we did not establish any magnitude cut in the HST/ACS data, and a significant fraction of the spectra correspond to very faint objects and count with large uncertainties.
Calibration test: ground-based spectroscopic data
The calibration obtained with the HST data was checked with other spectra taken from the literature. We found nearly 1,000 spectra for sources detected by SHARDS in the TKRS database and the DEEP3 release in GOODS-N (Wirth et al. 2004; Cooper et al. 2011) . The spectra were all taken with the DEIMOS instrument on Keck with typical exposure times of 1-2 hours through R∼300-600 grisms. Given that these surveys were mainly interested in spectroscopic redshifts based on emission-lines, the typical SNR in the continuum is low (SNR∼1 at the original spectral resolution). In addition, the spectra are not flux calibrated and they typically show a decrease of flux to the blue that seems to arise from the lack of an accurate spectral flat correction (see Figure 6 ). Moreover, these spectra were taken through a mask with slit widths of 1 ′′ , so aperture effects may also be significant, i.e., the spectroscopic data give information about the central part of the galaxies and a comparison with seeing limited photometry can be biased. For these reasons, we just used these spectra as a test for our basic absolute flux calibration based on HST data. Prior to this test, we had to correct the individual ground-based spectra with an average spectral flat and flux calibrate them. Both procedures were carried out using broad-band photometry and fits to this photometry with stellar population synthesis models from the Rainbow Cosmological Surveys database . Figure 6 shows two typical spectra in GOODS-N extracted from the ground-based spectroscopic sample. After binning the spectrum to a resolution of 2 nm, we carried out a preliminary flux calibration of the spectrum based on the photometric broad-band data around -Two examples of the ground-based spectra used to test the absolute flux calibration of the SHARDS data. For each galaxy, the original spectrum (in arbitrary Fν units and binned to achieve a resolution of 2 nm) is plotted on the left, indicating the name of the source in the Rainbow Cosmological Surveys database ) the TKRS and DEEP3 catalogs (Wirth et al. 2004; Cooper et al. 2011 ) and the spectroscopic redshift. Both on the left and right panels, we mark with a shaded area the regions where strong telluric absorption bands are located. On the right, we show with a black thick line the original spectrum after flux scaling it to match the broad-band photometry, depicted with blue stars (only the reddest points were used in this first scaling, given that they provided a better absolute calibration) and gray symbols (for the bluest bands which are more affected by the spectral flat and atmospheric extinction corrections). The black thin line shows the same spectrum after applying an average spectral flat obtained as explained in the text. The green line shows the final ground-based spectrum used for the calibration of SHARDS data, obtained after applying an atmospheric extinction correction calculated through a comparison with a stellar population synthesis model fitting the broad-band photometric data, shown in red in the plots. Black squares and circles, and green circles show the convolution of the previously described spectra (respectively: the original after flux calibration, the one after further calibration with a spectral flat-fielding, and the final one after carrying out also an extinction correction) with the transmission curves for the broad-band filters. 800 nm (blue stars in the right panels of the figure). An inspection of the resulting calibrated spectra (thick black lines in Figure 6 ) revealed that the spectroscopic data were not corrected with an adequate spectral flat, resulting in a large and increasing flux difference between the spectra and the broad-band photometric data at shorter wavelengths (see comparison between black thick lines and the photometry in Figure 6 ). To correct for this effect, we built a master spectral flat by averaging the ratio between the spectra and stellar population synthesis models fitting the broad-band photometry (red lines in Figure 6 ) for all sources in the spectroscopic sample. After applying this correction, the comparison between the spectra (thin black lines in Figure 6 ) and the photometry was better, but still most sources presented a dimmer flux level in the spectra when compared with the photometry for the bluest wavelengths. We identified this flux difference as an effect of differential extinction, which was not fully taken into account in the average spectral flat. To account for this, we applied a final correction based on a typical extinction curve at Mauna Kea scaled to explain the difference between the spectra and the broad-band photometry (especially in the bluest bands). This final spectrum (green lines in Figure 6 ) was then convolved with the SHARDS filter pass-band (the appropriate one according to the position of the galaxy in the FOV), pro-viding another independent calibration for our data.
Calibration test: synthetic photometry
Finally, the fluxes obtained in the SHARDS bands were compared directly with synthetic magnitudes obtained by convolving the SHARDS filter pass-bands with stellar population synthesis models fitting the broad-band photometry for each source. Note that this calibration test is not completely independent of the one carried out with the ground-based spectra since those spectra were partially calibrated with the stellar population fits. Moreover, the comparison with models for individual galaxies may be biased due to the presence of emission-lines, which are not constrained by the broad-band photometry. However, because of the lower noise of the templates, we can compare them with a large number of galaxies. Moreover, even the fits for galaxies with no spectroscopic redshift could be reliable in a statistical way because our convolutions with the SHARDS filters are interpolations between broad-band fluxes. Therefore, the comparison with the templates is another good test of the absolute flux calibration, and it indeed provided reassuring results for all filters.
In summary, the flux calibration of the SHARDS data was primarily based on the comparison with HST/ACS grism spectra. This calibration was tested through a comparison with ground-based spectra and stellar population synthesis models fitting the broad-band photometry. Based on these three different calibrators, we also estimated the typical uncertainty in the zeropoints of the SHARDS images, typically 0.05-0.08 mag (given in Table 1).
Data quality
The SHARDS data presented in this paper were obtained in queue mode, and a maximum seeing threshold was set to 0.9
′′ . This image quality was imposed in order to reach the necessary flux limits to detect and reliably measure absorption indices for massive quiescent galaxies up to z∼2.5 (26.5-27.0 mag at the 3σ level). In Table 1, we show the final seeing of the SHARDS images, measured after mosaicking all the data for a given filter and carrying out all reduction and calibration steps. Virtually all SHARDS data were taken under sub-arcsec conditions.
Concerning the final depth of our images, we give in Table 1 the typical depths reached at the 3σ level (measured in sextractor-based mag auto apertures), and the magnitude level corresponding to the third quartile of the brightness distribution. The desired depths were reached in most of the filters, with some of them presenting exceptional seeing and depth figures.
SHARDS SCIENCE VERIFICATION: EMISSION-LINE
GALAXIES
The analysis of emission lines in the spectra of starforming galaxies (SFGs) and objects hosting AGN is one of the main tools to understand galaxy evolution. Emission lines can be used to select both SFGs and AGN, and then to obtain estimations of relevant physical parameters, being redshift, SFR, metallicity, or black hole mass some of the most interesting (see, e.g. Although the most straight-forward way of getting emission-line identifications and fluxes is through spectroscopic observations, these data are hard to obtain for large number of objects and very time consuming. Moreover, current spectrographs on the largest telescopes are only able to reach continuum magnitudes around RI∼24-25 mag. This results in a scarcity of spectroscopic data for faint objects, especially at z 1.5, and a bias of spectroscopic surveys towards bright emission-line galaxies at z 1.
A powerful alternative to spectroscopic surveys can be found in (ultra-)deep narrow-band imaging observations, which have been demonstrated to be useful to select emission-line galaxies (ELGs) with the faintest magnitudes, and measure important quantities such as equivalent widths (EWs) and line fluxes (see, among many, Teplitz et al. 1998; Kodaira et al. 2003; Pascual et al. 2001; Ouchi et al. 2004; Willis & Courbin 2005; Ly et al. 2007; Takahashi et al. 2007; Villar et al. 2008 Villar et al. , 2011 Shioya et al. 2008; Nilsson et al. 2009; Sobral et al. 2009; Guaita et al. 2010; Hayes et al. 2010a; Ly et al. 2011 ). In addition, although imaging data cannot directly provide robust identifications and precise observed wavelengths for emission-lines, they certainly help determine accurate photometric redshifts, even for very high redshift sources, based on the detection of both emission and absorption features or breaks.
ELGs at intermediate redshift
In this section, we analyze the sensitivity and spectral resolution of our ultra-deep medium-band survey to select ELGs and measure their relevant parameters (EW, flux). Imaging surveys in the optical aimed at selecting ELGs usually employ narrow-band filters, with narrow meaning widths around 10 nm. The SHARDS filters are wider, the typical FWHM is 15 nm, but the depth, photometric accuracy, and imaging quality of the GTC data (see Table 1 ) can compensate the lower spectral resolution (R∼50), compared to more classical narrow-band surveys. Figure 7 shows an example of the selection of ELGs with SHARDS data for one of our 24 filters, the one centered at 687 nm (filter F687W17). The method is similar to that used by narrow-band surveys such as the ones referenced above: the flux in a given photometric band at wavelength λ line is compared with the average flux around that wavelength. Sources with emission-lines lying inside the central filter would present an excess of flux compared to the average around it, with the latter corresponding to the spectrum continuum next to the line. In this particular example, we would expect to identify a population of galaxies at z∼0.80-0.84 featuring an excess in the flux seen by the F687W17 filter due to [OII] emission. Note that the redshift interval is governed by the width of the filter as well as by the CWL variation of the pass-band along the FOV. Other lines could provide samples at different redshifts (e.g., Ly-α at z∼4.6).
Typical narrow-band surveys use a broad-band filter to determine the continuum (e.g., Villar et al. 2008; Takahashi et al. 2007; Sobral et al. 2009; Hayes et al. 2010b; Sobral et al. 2012) , or one or several narrow-or medium-band filters around a given one (Lee et al. 2012 ). In our case, the contiguous spectral coverage of the optical window allows us to obtain a continuum determina-tion by using the adjacent filters to a given one, or even several filters around the central pass-band. This measurement is very robust, since it takes into account the intrinsic color of each galaxy in a close region around the spectral region of interest, rather than providing an average continuum value in a wide wavelength range. Moreover, the continuum determination is not affected by the emission line itself (for a typical line such as [OII]λ3727), as would be the case for surveys using broad-band filters.
In order to understand the scatter in Figure 7 , we have analyzed the photometric uncertainties of our catalogs. The distribution of the typical errors of our data is shown with dashed lines. Sources whose emission in the F687W17 filter is brighter than the average for the adjacent filters with more than the 3-σ confidence are located below the continuous orange line. This is the expected locus for emission-line galaxies. Note that the color to detect a line with medium-band filters such as ours ranges between 0.1 and 0.5 mag, approximately. For filters with larger widths (e.g., broad-band), emission lines such as the ones we are able to detect would be diluted by the ratio between filter widths, and thus would be very hard to detect with broad-band data (typically having widths a factor of 7-8 larger than the SHARDS filters, implying an effect on the broad-band photometry of less than 0.1 mag for the brightest lines).
In order to test how the SHARDS data perform when trying to select ELGs, we have marked in Figure 7 with green symbols the galaxies with reliable spectroscopic redshifts for which the [OII] line would lie within the F687W17 pass-band 21 . We are able to recover more than 90% of the spectroscopically confirmed galaxies with an [OII] emission-line expected within the F687W17 filter. A visual inspection of the spectra for the non-selected objects (but with z∼0.8) revealed very weak or even absent [OII] emission-lines. Therefore, we conclude that the SHARDS data are very effective in isolating emission-line galaxies at a similar line flux level as deep spectroscopy.
It is also interesting to note that virtually all the spectroscopically confirmed ELGs in Figure 7 are brighter than R∼24.5. This is the spectroscopic limit of the redshift surveys carried out in the GOODS-N field, and the typical detection threshold for the vast majority of data taken with state-of-the art spectrographs in 10-meter class telescopes. The SHARDS observations reach at least 2 magnitudes fainter, and thus open the possibility to reliably select and study fainter and/or higher redshift ELGs. Figure 8 shows the redshift distribution of the sources selected as ELGs by SHARDS with the F687W17 filter. The filled histogram represents galaxies with spectroscopic redshifts, i.e., confirmed ELGs. The open histogram shows the photometric redshifts ) for all ELG candidates. These redshift distributions demonstrate that the ELGs selected by SHARDS are preferentially located in the appropriate redshifts corresponding to the most common emission lines detected in intermediate and high redshift galaxies. The majority of the selected sample are [OII] 21 Note that these galaxies have been highlighted only because of their redshift, i.e., some of these galaxies may not present [OII] emission, being their spectroscopic redshifts based on some other spectral feature. emitters at z∼0.8.
Our observational strategy was conceived to detect and measure absorption bands. In this regard, absorption features such as the Mg+Fe absorption band (at ∼280 nm), the Balmer and 4000Å breaks, or the dust absorption peak at 2175Å shown in certain extinction laws (such as the Milky Way's, Cardelli et al. 1989) , can mimic an emission-line in a color-magnitude diagram such as the one depicted in Figure 7 (see also Figure 9 ). Figure 9 shows eight examples of galaxies selected by SHARDS as emission-line sources and counting with spectroscopic confirmation (shown in green in Figure 7 ). These sources have been selected using the F687W17 filter as central band. The two sources on the top row are examples of low redshift galaxies detected because of their [OIII]λλ4959,5007 emission (forming the peak at z∼0.3 seen in Figure 8 and marked in blue and green). We compare our spectro-photometric data with the available Keck and HST/ACS grism spectroscopy. Unlike the noisy spectra, our data allow to study the continuum (compare with the stellar population synthesis models shown in blue, which were fitted to the broad-band data; see Pérez-González et al. 2008 ). Using all the SHARDS photometric data-points and fitting them to stellar population models, we have estimated this continuum level and, combining this with the flux measurement for the F687W17 filter, we have obtained line fluxes and EWs. Note that our method to estimate the continuum is not based on the adjacent bands to the one containing the emission line alone, but on a stellar population model fit to all bands (except the one containing the line). When comparing to the values obtained from the spectroscopy, we typically find smaller EWs. We interpret this systematic difference as an aperture effect, given that our photometric apertures are typically 1.0-1.5 ′′ in radius, probably larger than the typical slit widths and extraction sizes used in spectroscopic surveys. Note that larger apertures would easily dilute the emission lines in a brighter continuum, thus resulting in smaller measurements of the EW.We will present a detailed analysis of the comparison between fluxes obtained with photometry and spectroscopy in a forthcoming paper (Cava et al., in preparation).
On the second row of Figure 9 , we show two examples of galaxies located in the ELG locus in Figure 7 , but not showing emission lines. These sources were selected due to the significant flux difference between adjacent bands around the 687 nm filter. In this case, this large color is due to the presence of the Balmer or 4000Å break at approximately 680 nm (as clearly shown by the available ground-based spectra and stellar population synthesis models). These Balmer break/D(4000) sources form the peak at z∼0.7 and the redshift tail between the z∼0.8 peak, which corresponds to [OII] emitters, and z∼1.2 seen in the redshift histogram in Figure 8 . The postage stamps show that these sources are typically red spheroids, where strong 4000Å breaks are expected. Again, our SHARDS data are able to probe this spectral region with high accuracy and measure absorption indices such as the D(4000). We refer the reader to Section 5 for a discussion on the detection of absorption features with SHARDS data and their use for stellar population synthesis models.
The third and fourth rows in Figure 9 show [OII] emitters with spectroscopic confirmation (from Keck and HST grism data) selected in the F687W17 band ([OII] around z=0.8). These examples clearly demonstrate that SHARDS data are able to detect faint emissionline galaxies, which may be even missed by low resolution spectroscopy such as that from HST/ACS grism data. This is the case for the sources in the bottom row, whose [OII] emission is not measurable with HST/ACS data, but was confirmed with ground-based mediumresolution spectroscopy. We would also like to highlight that our medium-band spectro-photometric data are able to detect and robustly measure emission-lines as faint as ∼5×10 −17 erg s −1 cm −2 . Finally, we also point out that the postage stamps shown in Figure 9 demonstrate the depth and excellent image quality of the SHARDS images, which are able to detect the majority of the faint objects seen in the ACS data.
In summary, our science verification test has demonstrated that SHARDS is able to detect virtually all the spectroscopically confirmed emission-line galaxies at intermediate redshift. This opens the possibility to extend and reach higher completeness in the samples of ELGs in GOODS-N, and carry out a comprehensive analysis of star-forming galaxies and AGN down to fainter magnitudes (∼26.5 mag) than spectroscopic surveys. A complete analysis of the properties of the emission-line galaxies detected by SHARDS will be presented in a forthcoming paper (Cava et al. 2012 , in preparation).
ELGs at very high-z
The ultra-deep imaging data from SHARDS could, in principle, allow us to detect and study sources at very high-z (z 3). Indeed, reaching magnitudes as faint as 26.5-27.0 mag in all bands from 500 to 941 nm is deep enough to detect interesting sources such as Lyα emitters (LAEs) at z> 3 and up to z∼6.7 (Kashikawa et al. 2006; Bouwens et al. 2006; Ouchi et al. 2003 Ouchi et al. , 2008 . In Figure 10 , we show one example of a spectroscopically confirmed AGN at z>3 where SHARDS data reveal the presence of several emission lines such as CIII]λ1909 or CIVλ1548. The SED of this AGN shows that the spectrophotometric data from SHARDS is completely consistent and provides a similar spectral resolution as the HST grism data from PEARS. Our data can be used to obtain very robust fluxes and flux densities for both emission-lines and the continuum for a source which is as faint as the typical spectroscopic limit of groundbased state-of-the-art spectrographs in 10m class telescopes (see the noisy Keck spectrum for this source). Note that SHARDS data are not yet available at wavelengths below ∼600 nm, but when our survey is complete we should be able to detect and measure fluxes for Ly-α in this kind of object (AGN or ELGs). Figure 7) . We show galaxies which have already been spectroscopically confirmed. On the left panel for each galaxy, we depict the optical SED of the source. Broad-band photometric fluxes are depicted with black (ground-based) and gray (HST) filled stars. Red symbols show the SHARDS data, including uncertainties and filter widths. Blue lines represent stellar population synthesis models fitting the broadband data, which were used to obtain an estimation of the photometric redshift and stellar mass (Pérez-González et al. 2008) . The cyan lines show ground-based spectra for each source, when available; the spectral and absolute flux calibration explained in Section 3.1 have been applied. For some sources, we also depict with a yellow shaded area the available HST/ACS grism spectrum from PEARS (including uncertainties). The wavelength for several typical emission-lines are marked in green. We also give measurements of EWs and fluxes for Figure 9 . For each source, postage stamps in several bands are also given. On the left, we show a spectroscopically confirmed AGN at z∼3.5 for which the SHARDS spectro-photometric data provide clear detections of emission-lines such as CIII and CIV. On the right, we show a dropout source which has been selected as a candidate for a LAE at z∼5 with a possible companion (also a LAE at the same redshift) to the NE (Rodriguez-Espinosa et al. 2012). The SHARDS data (and the very few detections in broad-band imaging observations) are fitted with a stellar population synthesis model that predicts an intense Ly-α emission at around 740 nm, corresponding to z=5.1.
A preliminary analysis of the SHARDS data in four filters from 687 to 738 nm revealed a dozen dropout sources (in one of the four filters) with SEDs consistent with z>4 LAEs and LBGs. Figure 10 shows one of these LAE candidates at z∼5, including postage stamps and a SED. In fact, the postage stamps show two LAE candidates, both appearing in the F738W17 filter (one of them being almost undetected in the ACS bands). The galaxy shown in the SED is a dropout in the F721W17 filter. Its emission is booming in the F738W17 filter, and then becomes fainter again (but detected) in redder filters. This points out to a Lyman break located within the two mentioned SHARDS filters, which would imply a redshift around z=5. This figure demonstrates the potential of the SHARDS ultra-deep medium-band survey to select magnitude 26-27 emission-line galaxies at very high redshifts. We refer the reader to Rodriguez-Espinosa et al. (2012b, in preparation; see Rodriguez-Espinosa et al. 2012 ) for a more detailed discussion on the detection and properties of the LAEs detected by SHARDS.
SHARDS SCIENCE VERIFICATION: ABSORPTION SYSTEMS
The main goal of the SHARDS project is to analyze in detail the stellar populations in massive galaxies at high redshift, especially those that are already evolving passively. The observational strategy of the survey was devised to be able to construct rest-frame UV/optical SEDs for this kind of sources with enough spectral resolution to measure absorption indices correlated with important physical parameters such as the age of the stellar populations.
The main absorption index targeted by SHARDS for high-z passively evolving sources is the Mg index, Mg UV . This index probes several absorption lines (e.g., MgIλ2852, MgIIλλ2796,2804, FeIIλλ2600,2606) and has been shown to be an extremely reliable means to detect quiescent massive galaxies. In addition, the absorption lines can be used to easily distinguish the SED of a quiescent massive galaxy from the featureless spectrum of a dusty starburst (Daddi et al. 2005a ). The relative intensity of these absorptions can be measured with the Mg UV spectral index, directly linked to the age of the stellar population (e.g., Bruzual & Charlot 1993 ). The index is easily and robustly measurable even in low resolution spectra (R<100, Daddi et al. 2005a ). The Mg UV index has been successfully used in the past to obtain redshifts and ages of stellar populations in massive galaxies at high-z (Spinrad et al. 1997; Cimatti et al. 2004; McCarthy et al. 2004; Saracco et al. 2005; Daddi et al. 2005a; Ferreras & Yi 2004; Ferreras et al. 2012) .
Other interesting absorption features probed by SHARDS (for galaxies at different redshifts) are the Balmer and 4000Å break, or the Ca HK lines, the G-band, and the Mg 1 , Mg 2 and TiO 2 molecular bands (among others). All these have been extensively used to study stellar population ages (e.g., Burstein et al. 1984; Worthey 1994; Worthey et al. 1994; Balogh et al. 1999; Lotz et al. 2000; Franx et al. 2003; Kauffmann et al. 2003b; Förster Schreiber et al. 2004; Gallazzi et al. 2005; Kriek et al. 2006 Kriek et al. , 2011 Muzzin et al. 2012 , see also the review by Renzini 2006) . The spectral resolution of the SHARDS dataset is adequate for measuring the Balmer or D(4000) breaks with high accuracy. For galaxies with spectroscopic redshifts or very accurate photometric redshift (errors below 1%), we have very similar accuracies to those achieved in standard spectroscopic studies of nearby galaxies and synthesis models, which typically use bands of 10-20 nm around the feature (Bruzual 1983 ). In the case of the molecular bands, the widths of the SHARDS filters are larger than the amplitude of these absorptions, but, given their strength, they should have a measurable effect on the photometry through filters such as ours. In any case, our filters are narrower (by at least a factor of ×2) than those used by other optical and NIR medium-band surveys (such as MUSYC or NMBS). This allows us to probe these features with higher resolution. In addition, as demonstrated in the previous Section, SHARDS data are also very sensitive to emission lines, so they can be used to detect low level residual (unobscured) star formation in massive galaxies at high-z and confirm their quiescent state (jointly with other methods, such as the study of the MIR/FIR emission).
5.1. Study of quiescent massive galaxies at high-z In this Section, we demonstrate the power of the SHARDS dataset to accurately measure absorption indices and study high-z massive galaxies. To do so, we focus on quiescent massive galaxies with reliable spectroscopic redshifts above z=1. Rather than measuring and studying one specific absorption index, we combine all the photometric information for each source and fit the entire SED with stellar population synthesis models, i.e., we include SHARDS fluxes and also broad-band data up to the MIR wavelengths probed by Spitzer/IRAC. We, therefore, use all the (photometric) observations available for our sample of quiescent massive galaxies to carry out the most reliable analysis possible of their stellar population properties. We concentrate our study on z∼1-2, a critical redshift range in which massive quiescent galaxies assembled a significant fraction of their mass (Arnouts et al. 2007; Pérez-González et al. 2008; Ilbert et al. 2010; Nicol et al. 2011; Brammer et al. 2011) . In this redshift interval, the D(4000) and/or Mg UV absorption features are probed by the SHARDS data.
The sources compiled for this science demonstration exercise have been extracted from several sources in the literature. The sample includes:
• the three galaxies classified as red nuggets whose dynamical masses were studied in Newman et al. (2010) and are covered by our data. All the sources in this paper within our surveyed area were detected in all SHARDS individual filters, but some of the other sources from Newman et al.'s sources lie outside of our FOV.
• the four galaxies at z>1 from Ferreras et al. (2009) , who concentrated their study of early type galaxies on intermediate redshift sources, but had a few z>1 galaxies in their sample. Given that the galaxies in this paper count with pseudo-spectroscopic redshifts from HST optical grism data, we compared the quoted redshifts with our photometric redshifts ) and only selected the four galaxies with consistent estimations.
• Finally, we also selected those galaxies with spectroscopic redshifts that, according to their observed optical and NIR colors, qualify as Extremely Red Objects (ERO, following the definition in Elston et al. 1988 and Yan et al. 2000b) , and/or Distant Red Galaxies (DRGs) at z>1 Franx et al. (2003) .
In order to avoid dusty starbursts in this study and concentrate only on massive galaxies that are evolving passively, we only considered galaxies undetected in the MIPS 24 µm data, which reach fluxes as low as 30 µJy in GOODS-N (reduction and catalogs described in Pérez-González et al. 2005 and Pérez-González et al. 2008 ). This sets an upper limit of 1-10 M ⊙ yr −1 at z=1.0-1.5. The final sample considered in the following discussion is composed of 27 galaxies at 1.01<z<1.43, with virtually all of them having masses above 10 10.5 M ⊙ . Their main properties are given in Table 2 . Note that we have only considered galaxies with a spectroscopic redshift, so the sample is highly biased towards low redshift (close to unity, the limit lower of our sample, 75% of the sample is at z<1.3 and the average redshift isz=1.17) and not (necessarily) representative of the entire population of massive quiescent galaxies at z∼1.
Estimating stellar population properties from SED
synthesis models Our goal in this Section is to improve the characterization of the stellar populations of quiescent galaxies by using the unprecedented spectral resolution and depth provided by the SHARDS photometric observations. Recent results based on data with similar medium-band filters and (low resolution) grism spectroscopy have already shown the power of probing key spectral features on the SEDs of quiescent galaxies, such as continuum breaks and absorption lines/bands, to place more robust constraints on relevant properties of these galaxies such as the age, stellar mass, or star-formation history Whitaker et al. 2010 Whitaker et al. , 2011 van Dokkum & Brammer 2010 ).
Here we study the stellar properties of a sample of 27 massive quiescent galaxies with spectroscopic redshifts above z=1 by fitting their UV-to-MIR SEDs with stellar population synthesis (SPS) models. To calibrate the impact of using the SHARDS data in this exercise, we conduct two kinds of tests. First, we show how including the SHARDS medium-band data allows us to decrease those uncertainties in the derived stellar parameters linked to well-known degeneracies (such as age-dust, or age-SFH).
To do so, we analyze the connection between the photometric uncertainties and the best-fit solutions in the parameter space formed by the relevant stellar properties. Second, we study the different results obtained by fitting the SEDs with different sets of SPS models extracted from several of the most common libraries found in the literature.
We start the analysis of the SEDs of massive quiescent galaxies at z∼1 by describing the set of libraries, the modeling assumptions, the parameter space, and the statistical approach to the analysis of the different solutions and degeneracies.
The UV-to-MIR SEDs for the sample of 27 massive passively evolving galaxies at z>1 were fitted with SPS models from several of the most common libraries found in the literature. We considered star formation histories (SFHs) following general exponential decaying models (τ -models) using the predictions from the following codes:
• the Bruzual & Charlot (2003) models (BC03) with a Chabrier (2003) IMF. This was chosen as our fiducial model (BC03-chab, hereafter). In this section and the following, we discuss the properties of our galaxies as inferred by other models in comparison with those obtained with this library and IMF.
• the Charlot & Bruzual (2009) models (CB09) with a Kroupa and Chabrier IMFs (CB09-krou and CB09-chab, hereafter). These models are thought to be an improvement over the BC03 library with a better treatment of some evolutionary stages of stars.
• the Maraston (2005) models (M05) with a Kroupa IMF (M05-krou). These models should also give us information about the effects on the derived parameters of specific stellar evolutionary stages such as the thermally-pulsating AGB phase.
• the PEGASE code (Fioc & Rocca-Volmerange 1997, P01) , assuming a Kroupa (2001) initial mass function (IMF). These are referred to as P01-krou models.
In all cases, we considered the following mass limits for the IMF: 0.1<M<100 M ⊙ .
The fitting procedure is explained in detail in Pérez-González et al. (2003) and Pérez-González et al. (2008) . Briefly, the photometry is compared with the models assuming an exponentially decreasing SFH characterized by a τ parameter which runs from 1 Myr (almost identical to a single stellar population, SSP) to 100 Gyr (almost constant SFH). We run models corresponding to the different discrete values of the metallicity given for each library, which run from Z ⊙ /200 to 2.5Z ⊙ for BC03 and CB09 models, Z ⊙ /200 to 5Z ⊙ for P01, and Z ⊙ /50 to 2Z ⊙ for M05 models. We considered an extinction parametrized with a V -band attenuation, A(V), with values ranging from 0 to 2 mag, and assumed the extinction law of Calzetti et al. (2000) . Finally, we probed all ages between 1 Myr and the age of the Universe corresponding to the source redshift (up to ∼6 Gyr for the closest galaxy) to search for the best fitting model minimizing a reduced χ 2 maximum-likelihood estimator. In order to study the uncertainties in the derived parameters and to take into account the possible degeneracies in the solutions, we run Montecarlo simulations for each galaxy. The method consisted in randomly varying the photometric data points with a Gaussian distribution of width equal to the photometric uncertainty, and repeating the fit again with all possible models. We run the code 1000 times and then analyzed the set of solutions. This analysis identified the clusters of solutions with a k-means method. Each cluster was assigned with a statistical significance, given by the fraction of the 1000 different solutions belonging to the cluster, i.e., the relative number of solutions which provide similar results 
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Note.
-Results of the stellar population synthesis modeling of the SEDs of massive quiescent galaxies at 1.0<z<1. and are grouped as a single solution identified by a median value and a scatter in the multi-dimensional space formed by the fitted parameters. Note that we did not use the reduced χ 2 values to assign statistical weights to each cluster of solutions, since χ 2 differences between them are not statistically relevant. Typically, 1 to 4 clusters of solutions were identified for each galaxy above a statistical significance of 10%. In virtually all cases (all galaxies and models), one solution was dominant with more than 50% of the solution data points belonging to its cluster. Note that different clusters may have different typical reduced χ 2 values, i.e., the data can be better reproduced by some combination of parameters corresponding to one cluster. The different solutions provided information about the typical degeneracies of the study of stellar populations, such as the age-metallicity degeneracy or the one linked to τ (SFH) and age. Table 2 presents the different solutions (the statistically most significant and the secondary solutions) for each galaxy and the statistical weight of each of them.
5.3. Evaluation of the stellar population synthesis modeling with SHARDS data In order to test how the spectro-photometric data from SHARDS helps in the SPS modeling of high-z galaxies, we compare in Figure 11 the results obtained when fitting only the broad-band data with those obtained when adding the SHARDS data for three representative galaxies of our sample of quiescent massive galaxies at z>1. The details about the fits and results of the SPS modeling for these galaxies are presented in Figure 12 and Section 5.4.
For the first galaxy, J123704.36+621335.03 (z=1.2420), the fits to the broad-band photometry alone provide a dominant solution characterized by an e-folding time τ ∼200 Myr and an age of around 2 Gyr. There is another less statistically significant solution involving a shorter and younger burst (τ ∼150 Myr and age 1.8 Gyr), and a negligible fraction of solutions would favor even lower e-folding times and ages. When adding the SHARDS data to the fits, a solution with τ ∼150 Myr and t∼1.5 Gyr shows the largest statistical weight. This solution is consistent, within uncertainties, with one of the solutions found when fitting the broad-band data alone, although a slightly younger burst is favored in the SHARDS fluxes (age of ∼1.5 Gyr instead of ∼2 Gyr).
In the case of J123615.24+620944.52 (z=1.2674), the broad-band data provide a wide range of roughly equally significant solutions. Each one has 20-30% statistical significance. They show different values of extinction (differences of up to 0.5 mag from one solution to another), metallicity and e-folding times (from an SSP to almost 200 Myr), while ages do not vary wildly (all solutions predict ages slightly above 1 Gyr). The SHARDS data break most of this degeneracy and majorly favor a 1 Gyr old SSP with A(V)=1 mag. This is one of the largest extinctions in our sample, which could explain the relatively high flux at 8 µm, maybe revealing the presence of PAHs (see Figure 12) . Moreover, this galaxy has a very red companion located 3 ′′ away to the NE (26 kpc), also at z sp =1.2630. This source is clearly detected at 24 µm, which might be hiding some residual MIPS emission for our galaxy, and provides an SFR∼20 M ⊙ yr −1 . A possible interaction between the two objects could have switched on the star formation and then stopped recently, thus explaining the relatively high extinction.
In the case of J123627.17+620756.57 (z=1.3950), both the broad-band data alone and the whole photometric information including SHARDS data favor at the approximately 60% significance level a SFH with an efolding time around 400 Myr and ∼2 Gyr old, with A(V)=0.2 mag. The SHARDS data help to discard some solutions found with only broad-band data which indicate very young and short bursts with high extinction (1 mag).
Examples of the stellar population synthesis results
including SHARDS data In Figure 12 , we show the complete SEDs of the examples presented in the last subsection. We also present the best fitting models for the different libraries considered in this paper, jointly with a close-up look into the restframe UV/optical range probed by the SHARDS data. We include several plots showing the results of the synthesis models and the clustering analysis of the solutions. Finally, we also provide postage stamps in the HST and SHARDS filters.
The galaxy shown at the top of Figure 12 lies at z∼1.2420 and our currently available SHARDS data do cover the Mg UV absorption feature. The SPS analysis for the BC03-chab fiducial models shows that there are at least 4 different clusters of solutions. The dominant cluster (76% statistical weight) is consistent with a short starburst (τ ∼150 Myr) with solar metallicity and relatively low extinction, A(V)=0.4 mag. Among the other clusters, presenting all of them statistical significances below 10%, we find a longer, lower abundance, and older burst (τ ∼600 Myr, t∼4 Gyr, Z=Z ⊙ /5), and very short bursts (almost SSPs) with an age between 1 and 3 Gyr. These clusters share very similar extinction values [A(V)=0.4 mag], with shorter bursts being more attenuated. Note that the latter are significantly less statistically representative than the former (i.e., models do favor a 150 Myr burst). We estimate a stellar mass within an interval around 10 10.8−11.1 M ⊙ . Interestingly, although all different libraries obtain similarly good fits (i.e., similar reduced χ 2 values), they provide significantly different values for the relevant parameters, especially for the age and τ values. P01-krou and M05-krou favor the longest, oldest, less metallic, and higher mass solution, while BC03 and CB09 models for different IMFs are all consistent with shorter and younger bursts.
The second example in Figure 12 shows a z=1.2674 galaxy where we have also been able to measure the Mg UV absorption (but only the reddest part) with the SHARDS data available so far, apart from other spectral features such as the bluest part of the 4000Å (or Balmer) break. The SPS degeneracies are considerably smaller than in the first example. Indeed, there is a dominant solution corresponding to a star-forming burst with τ ∼1 Myr (a SSP), age around 1 Gyr, A(V)∼1.0 mag, sub-solar metallicity, and mass around 10 11.0 M ⊙ . Although this solution clearly dominates (90% probability) for the fiducial model, BC03-chab, other libraries again achieve different results, although with very similar statistical weight (i.e., one solution dominates for all different models). Note that the different libraries provide Fig. 11 .-Age and e-folding time results for the stellar population synthesis modeling (using our fiducial library, BC03-chab) of the SEDs for the three massive quiescent galaxies at z>1 presented in Figure 12 . For each galaxy, orange points show the solutions when fitting UV-to-MIR broad-band data alone, while gray points show the results when adding the medium-band SHARDS data also. Average values for each cluster of solutions are marked with open symbols for the results using broad-band data alone, and filled circles for the solutions also using SHARDS data. Contours show 2σ uncertainties: red for fits to only broad-band, black for fits adding SHARDS fluxes. Statistical significances of each cluster of solutions are also given. Note that the scales are adjusted to each galaxy, but our modelling procedure has probed e-folding times from 1 Myr to 100 Gyr, so only a small part of the considered parameter space is shown.
very similar results in the UV/optical part of the SED, but differ significantly in the H-band and beyond the 1.6 µm bump, where BC03 and CB09 models reproduce the data more closely.
Finally, the last example in Figure 12 shows one of the sources at the highest redshifts in our sample of massive quiescent galaxies, z∼1.4. In this case, two solutions show similar significances, with e-folding times τ ∼200-400 Myr, age around 1-2 Gyr, A(V)=0.2-0.4 mag, subsolar metallicity and mass 10 10.6 M ⊙ . Similarly to the behavior of the different libraries in the previous example, in this case different models also obtain different estimations for the relevant parameters, especially the age. H-band data probing the wavelength range around the rest-frame RI-bands would most probably solve completely the degeneracy between the models.
Goodness of the fits
It is interesting to discuss the properties of the sample and the goodness of the fits for the different SPS libraries. Concerning the latter, a very significant fraction of the whole sample, around 95% of all galaxies, is better fitted by the BC03-chab models, i.e., these models provide better reduced χ 2 values than any other code and IMF. This is the main reason for our choice of the BC03-chab models as fiducial in this paper. The rest of best fits correspond to the CB09-krou and P01-krou models (∼2-4% of sources each). After the best fitting code, the second most preferred library and IMF is M05-krou, which gives the second best solution for 93% of the sources, with the rest of second best solutions corresponding to P01-krou. Note that among the two models sharing the same library but with different IMFs, CB09-chab and CB09-krou, the Kroupa IMF provides the best results, but since the best fitting code is BC03-chab, it seems that the goodness of the fit is more related to the SPS library than to the choice of IMF, i.e., based on the analysis of the goodness of the fits we cannot claim that one IMF works better than the other.
To further test this result indicating a preference for the BC03 models for the vast majority of sources, we repeated the SPS analysis but only using the broad-band data, i.e., without introducing the SHARDS fluxes. Interestingly, the best fits were then achieved by the BC03 models for 15% of the sample, while CB09 and M05 models obtained the best fits for 20-30% of the galaxies, and P01 for just 8%. This clearly demonstrates than the UV/optical part (more precisely, the 200 λ r−f 400 nm interval) of the SED is better reproduced by the BC03 models, while the fits to the global broad-band photometry up to the IRAC bands is similarly reproduced (roughly) by all codes (except P01).
Concerning the statistical significance of the best solution, typical values for all models are always higher than 75%, although they could be as low as 40% in a few cases. Three quarters of the sample have a dominant solution above 50% for all models and IMFs. The actual individual values of the statistical significance of the different clusters of solutions are similar for the different codes, but for virtually all sources the most concentrated solution is given by the BC03-chab models (the typical probability for the best solution is 90%) and M05-krou (88%). For the fits to broad-band fluxes only, these figures are smaller by ∼20%. Figure 11 showed the comparison of SPS solutions obtained when using only broadband data, and when adding the SHARDS medium-band photometry, for the sources plotted in Figure 12 .
Statistical properties of the sample and systematics
Statistics about the main properties of the stellar populations in our sample of massive quiescent galaxies are given in Table 3 . This statistical information is presented for the distinct SPS codes, and discussed in this section.
According to our fiducial BC03-chab models, the median stellar mass of our sample of 27 massive quiescent galaxies at z>1 is 10 10.7 M ⊙ . Typically, their stellar population is 1.5 Gyr old and was formed in a burst with solar or slightly sub-solar metallicity with a SFH characterized by an e-folding time τ ∼150 Myr, and currently presents a moderate extinction A(V)∼0.5 mag. -Three examples (one per row) of the stellar population synthesis models carried out on quiescent massive galaxies with spectroscopic redshifts at z>1. Each row shows the entire UV-to-MIR SED of a galaxy, jointly with the best fits for different modeling libraries (see text for details), and an RGB 10 ′′ × 10 ′′ postage stamp of the source built from HST data. The results for the best fitting model are also given for each library, including (Z/Z ⊙ ,τ /Gyr,t/Gyr,A(V),M/M ⊙ ). Photometric data points include uncertainties and the width of the filter. To the right of the general SED, we show a close-up of the spectral region covered by SHARDS. On the top-right corner, we depict a postage stamp of the galaxy in the F687W17 SHARDS band. Its size is 10 ′′ × 10 ′′ , and the 1 ′′ radius red circle marks the galaxy. The bottom-right panel shows the position of the different model solutions derived with our Montecarlo method to determine uncertainties and degeneracies. The data points correspond to our fiducial model: BC03-chab. We depict all the 1000 solutions in different planes: age-τ , age-extinction, age-metallicity, and age-mass. For the most statistically significant cluster, we mark the average solution with a star, the 1σ area is filled in red, and the 2σ region in green. For the rest of solutions with a significance above 10%, we mark the average with a star, and the area corresponding to 1σ with a red line. Histograms for the different parameters are also given, marking the average and 1σ values for the different models mentioned in the text (color code as in the left panel).
If we consider the average of the different stellar mass estimates obtained with the distinct codes and IMFs for a given galaxy, its typical rms is 0.15 dex, and for some galaxies the rms can be as high as 0.27 dex. Most of this rms is due to systematic differences between the results obtained with different models and IMFs. According to our fiducial models, BC03-chab, masses for individual sources run from 10 10.3 M ⊙ to 10 11.2 M ⊙ . BC03-chab provide, on average, larger masses than CB09-krou by ∼20% when comparing values for each galaxy, with differences as large as a factor of 2 (in both directions). CB09-chab models give masses smaller than BC03-chab by 30% on average, and up to a factor of 3. We note that differences between the two CB09 models with different IMFs are not just a constant offset, but are variable from galaxy to galaxy and dependent on other parameters such as age. M05-krou and P01-krou provide heavier masses than BC03-chab by 15% and 40% on average, respectively, with differences as high as a factor of 3-4. Note that the effects of the TP-AGB phase, which could in principle be studied comparing classical models with libraries such as M05 or CB09, are complex, sometimes producing larger and sometimes smaller masses.
Extinctions show better agreement between different models.
The average value for the sample is A(V)=0.5 mag for our fiducial models, with a typical uncertainty of 0.2 mag. This is also the typical average systematic offset from one model to another. All models provide systematically lower extinctions than the BC03-chab models.
Our sample presents ages in the range 0.5 to 3.5 Gyr for our fiducial model BC03-chab. On average, BC03 and CB09 models provide similar ages within 10%, but differences from model to model among these libraries range from 0.2 to 3 Gyr for individual galaxies. M05-krou and P01-krou models provide, on average, older ages by 90% and 30%, respectively. These ages and systematic differences are in good agreement with the results found in the literature for z∼1 galaxies (see, e.g. Hathi et al. 2009; Whitaker et al. 2010 Whitaker et al. , 2012 .
The typical star formation time-scale for our sample is τ ∼150 Myr for our fiducial models. For CB09 models and the two IMFs considered, τ values are, on average, 25% shorter. M05 and P01 results indicate longer e-folding time-scales by 70% and 20%, respectively.
Concerning metallicities, for the BC03 models the average value is solar, and that is also the case for all the other codes, except M05 models, which provide an average value of 0.4Z ⊙ . Note that a photometric study such as ours has severe difficulties in determining accurate stellar metallicities and breaking degeneracies involving age, extinction and metallicity (O'Connell 1986; Worthey 1994; Wuyts et al. 2009 ), but it is significant that all models provide consistent values near or slightly below the solar value (consistently with other works such as Hathi et al. 2009 ; see also Dorman et al. 2003 and Kaviraj et al. 2007 ).
In summary, there is a significant scatter in the predicted parameters for our sample of massive galaxies by different SPS codes and IMFs. It seems that this scatter is preferentially linked to the stellar population codes, rather than to the IMF. BC03 (and Chabrier IMF) provide in virtually all cases the best solutions in terms of goodness of the fit and statistical significance of the best solution, although the χ 2 differences between models are not statistically significant for individual galaxies. This preference is directly linked to the SHARDS data (probing the rest-frame UV/optical range), given that it is no longer seen when fitting broad-band fluxes only. The stellar population in our sample of massive galaxies at z∼1 is typically (according to our fiducial models, BC03-chab) 1.5 Gyr old, with a formation time-scale around 100-200 Myr, solar or slightly sub-solar metallicity, and moderate extinction A(V)∼0.5 mag.
5.7. Global picture of the formation of massive galaxies at z∼1 Our sample of massive quiescent galaxies at z>1 is small and driven by the availability of spectroscopic redshifts. Consequently, its representativeness of the global population of such type of galaxies is highly uncertain. However, it is large enough to study whether there are significant differences in the stellar populations of galaxies as a function of mass. This is the base for the downsizing scenario of galaxy formation. To analyze this topic, we have divided our sample in two mass bins with the same number of galaxies. Note that the median mass of our sample is 10 10.7 M ⊙ for the BC03-chab models, slightly smaller than the M * ∼10 10.9 M ⊙ value at z=1.0-1.5
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( Pérez-González et al. 2008; Marchesini et al. 2009 ), so our (limited and not statistically representative) sample does probe the masses around the knee of the mass function at redshift unity. Figure 13 shows the SFHs of all galaxies in our sample for the SPS results obtained with the two best-fitting models, BC03 and M05. We have used a rainbow color code based on stellar mass: massive galaxies are plotted in yellow and redder colors, while lighter galaxies are depicted in green or bluer colors. According to the BC03 models, there is not a large differences in age and SFH between galaxies of different mass. However, there is a trend for the oldest galaxies to be among the most massive. In the case of the M05, a segregation in mass is more evident: the lightest galaxies preferentially present young stellar populations, while most of the heaviest galaxies were formed 3 Gyr before the epoch of observation (z>2). In addition, some of the most massive galaxies present SFHs close to a SSP, also according to the M05 results.
The ages for the lightest half-sample range from 0.6 to 2.5 Gyr for BC03 models, and 0.2 to 3.5 Gyr for M05. For the most massive half of the sample, ages range from 1.0 to 2.7 Gyr according to BC03, and 2.9 to 5.0 Gyr for M05 results. On average, the most massive half of our sample harbors stellar populations that are 1.6 Gyr old, while the lightest-half are 20% younger for the results obtained with BC03 models. For M05 models, the difference is significantly larger: the heaviest galaxies present, on average, 4 Gyr old stellar populations, compared to 2 Gyr old stars for the lightest systems. Other libraries provide intermediate results, i.e., a segregation in age of galaxies of different masses with larger differences than those for the BC03 models, but smaller than for the M05 code. If we only use broad-band data in our fits, the results are roughly unchanged for the M05, CB09, and Note.
-Median values and quartiles for the distribution of stellar parameters of the sample of 27 massive quiescent galaxies at z=1.0-1.4 obtained by fitting different stellar population models to broad-band and SHARDS data. Statistics are given for all the sample and for the two half-samples obtained by breaking it by stellar mass (using the median value for the results obtained with each model).
P01 libraries, but the segregation is more significant for the BC03 code: it provides an average age of 2.5 Gyr for the most massive galaxies, and 1.5 Gyr for the lightest.
For our fiducial models, most galaxies present e-folding times around 100-300 Myr and peak SFRs around 400-500 M ⊙ yr −1 , but there are some examples which are characterized by shorter bursts and could reach even higher SFRs. For M05, e-folding times are larger (100-600 Myr) and peak SFRs are smaller. These SFR figures and duty cycles are typical of ULIRGs and/or SMGs at z∼2 (e.g., Blain et al. 1999; Smail et al. 2002; Chapman et al. 2005; Pérez-González et al. 2005; Dey et al. 2008; Pope et al. 2008) . They are also consistent with the SFRs predicted by cosmological simulations involving gas-rich mergers (e.g., Davé et al. 2010; Narayanan et al. 2010b,a) .
Our results are roughly consistent with those described in Ferreras et al. (2009) and Kaviraj et al. (2012) . In Ferreras et al. (2009) , they used CB09 models to fit optical low resolution spectroscopic data of intermediate redshift massive early-type galaxies. Based on these models, they found typical ages of 2-3 Gyr for their last redshift bin (z>0.9), slightly dependent on stellar mass. No major differences were found in this paper in the star formation timescale as a function of mass. This agrees well with our ages around 1-2 Gyr for z∼1.2 (there is 1.2 Gyr difference in look-back time between z=0.9 and z=1.2), and the very similar e-folding times for galaxies with different masses. Kaviraj et al. (2012) , using CB09 models fitting broad-band data, found similar ages for massive galaxies up to M∼10 10.5 M ⊙ , and a trend at higher masses where heavier galaxies are older. However, we stress that our study points out that the mass-age relationship should be taken with caution, given that it is highly dependent on the SPS code used in the SED fitting.
SUMMARY AND CONCLUSIONS
We have presented the basic characteristics of the Survey for High-z Absorption Red and Dead Sources (SHARDS), an ESO/GTC Large Program awarded 180 hours of observing time with the OSIRIS instrument on the 10.4m Gran Telescopio Canarias (GTC). The SHARDS project was devised to be able to measure absorption indices such as the Mg UV or D(4000) for galaxies at z=0.0-2.5 through imaging data, and detect emission-line galaxies up to z∼6. For those purposes, SHARDS is obtaining imaging data in the GOODS-N field through 24 medium-band filters covering the wavelength range between 500 and 950 nm and reaching magnitude 26.5 in all bands. In addition, virtually all the images were obtained under sub-arcsec seeing conditions.
In this paper, we have presented the special reduction and calibration procedures used to analyze the SHARDS observations. The flux calibration has been carried out by comparison with HST and ground-based (Keck, CAHA 3.5m telescope) spectra. The zeropoints have also been tested by comparing with synthetic magnitudes obtained from stellar population synthesis models fitting broad-band data. Overall, our procedure achieves an absolute photometric calibration uncertainty lower than 8% (typically 5%-7%).
In this paper, we have carried our a science verification of the main goals of SHARDS. We have shown how the SHARDS data are able to detect emission lines for low, intermediate and high redshift sources. We have demonstrated that the depth and image quality of our survey allow us to select virtually all emission-line galaxies which have been already confirmed by the deepest spectroscopic surveys carried out in the GOODS-N field, such as TKRS and DEEP3. We have shown that we are able to extend these spectroscopic studies of emissionline galaxies to faint magnitudes (fainter than the typical spectroscopic limit, RI∼24-25 mag) and detect, for example, Ly-α emitters at z∼5. By combining all the SHARDS data and fitting stellar population synthesis models, we have also shown that we can measure equivalent widths and fluxes for those emission lines. A comprehensive study of the population of emission-line galaxies detected by SHARDS in GOODS-N will be presented in a future paper (Cava et al. 2012, in preparation) .
We have assessed the ability of the SHARDS data to -Star formation histories for 27 spectroscopically confirmed quiescent massive galaxies in GOODS-N. The rainbow-based color code differentiates galaxies according to stellar mass, with the most massive sources plotted in yellow or redder colors, and less massive galaxies plotted in green or bluer colors. The left panel shows the results for the BC03-chab stellar population synthesis models, and the right plot shows the results for M05-krou.
detect, measure and model absorption features in intermediate and high-z galaxies. For that purpose, we have analyzed the SHARDS data for all passively evolving galaxies at z>1 counting with a spectroscopic redshift, whose SED should be dominated by absorption features. We have constructed a sample of 27 quiescent massive galaxies with spectroscopic redshifts at 1.01<z<1.43 extracted from several sources and covered by the SHARDS data (and detected in all SHARDS bands, although this was not a requirement of the sample selection). For this sample, we have analyzed the entire spectral energy distribution from the UV to the MIR, including broad-band data from ground-based telescopes, HST, and Spitzer, as well as the SHARDS photometry. This analysis consists in fitting the SEDs with stellar population synthesis models assuming an exponentially decreasing SFH (τ models) and an extinction law described by Calzetti's law. We have not imposed any a priori limitations on the metallicity, τ value or age. In order to study the robustness of the derived parameters, we have used a variety of stellar population libraries, namely: BC03, M05, CB09, and P01. Our fitting method includes a procedure to probe the typical degeneracies in this kind of study, such as those linked to age-metallicity, or age-extinction. This procedure is based on a Montecarlo method which assigns statistical significances to the different possible solutions found by the synthesis models.
Our results demonstrate that including the SHARDS spectro-photometric data in the analysis of the stellar populations in high-z passively evolving galaxies helps to break these degeneracies, although we do not fully succeed in this task. When using the SHARDS data, the statistical significance of the best solution (that with the highest significance) is typically 10-20% larger than when fitting broad-band data alone. Typical values of the statistical significance of the best solution when fitting all available photometry is 75% (i.e., one solution is favored at the 75% probability level). Interestingly, among the different stellar population synthesis libraries used in this paper, BC03 models (with a Chabrier IMF) provide the best fits (the ones with the best reduced χ 2 values) for more than 90% of the sample when fitting SHARDS' and broad-band data. When only fitting broad-band data, all models are (roughly) equally good in reproducing the data. We conclude that BC03 models are the most suited to study the rest-frame UV/optical part (up to ∼400 nm) of the SEDs for our sample.
Taking into account all different models, we find that the stellar populations in our sample of passively evolving massive sources at z>1 are typically 1.5-2.0 Gyr old, presenting typical τ values around 100-200 Myr, solar or slightly sub-solar metallicity, and V -band extinctions around 0.5 mag. However, significant systematic differences from one model library to another are found for individual sources, especially in the age and τ values. Stellar masses are better behaved, with the largest differences from one model to another being below 0.3dex. Using an average of all the models, the typical masses of the galaxies in our sample are in the interval 10 10.5−11.5 M ⊙ . Dividing our sample of massive quiescent galaxies at z>1 in half according to their stellar masses, we find that the most massive galaxies tend to be older for all libraries. The differences are small for BC03 results, and considerably larger for fits using M05, CB09 or P01 models. Just using broad-band data also produces a clearer age segregation in mass. Typically, for the M05 models, the lightest galaxies present ages around 2 Gyr, while the heaviest systems are 3-4 Gyr old on average, with some galaxies reaching ages around 5 Gyr (i.e., they started forming less than 1 Gyr after the Big Bang). No significant difference in the SFH is found between the most massive and lighter samples.
